Therapy-related acute promyelocytic leukemia (t-APL) with t(15;17)(q22;q21) involving the PML and RARA genes is associated with exposure to agents targeting topoisomerase II (topoII), particularly mitoxantrone and epirubicin. We previously have shown that mitoxantrone preferentially induces topoII-mediated DNA damage in a "hotspot region" within PML intron 6. To investigate mechanisms underlying epirubicin-associated t-APL, t(15; 17) genomic breakpoints were characterized in 6 cases with prior breast cancer. Significant breakpoint clustering was observed in PML and RARA loci (P ‫؍‬ .009 and P ‫؍‬ .017, respectively), with PML breakpoints lying outside the mitoxantrone-associated hotspot region. Recurrent breakpoints identified in the PML and RARA loci in epirubicin-related t-APL were shown to be preferential sites of topoII-induced DNA damage, enhanced by epirubicin. Although site preferences for DNA damage differed between mitoxantrone and epirubicin, the observation that particular regions of the PML and RARA loci are susceptible to these agents may underlie their respective propensities to induce t-APL. (Blood. 2010;115: 326-330)
Introduction
For many years it has been appreciated that exposure to drugs targeting topoisomerase II (topoII) predisposes to the development of secondary leukemias characterized by balanced translocations, particularly involving MLL at 11q23, NUP98 at 11p15, RUNX1 at 21q22, and RARA at 17q21. [1] [2] [3] Indeed, therapy-related leukemias are becoming an increasing health care problem because more patients survive their primary tumors. 3, 4 TopoII is a critical enzyme that relaxes supercoiled DNA by transiently cleaving and religating both strands of the double helix by the formation of a covalent cleavage intermediate. 5 Epipodophyllotoxins (eg, etoposide), anthracyclines (eg, epirubicin), and anthracenediones (eg, mitoxantrone) act as topoII poisons, inducing DNA damage by disrupting the cleavage-religation equilibrium and increasing the concentration of DNA topoII covalent complexes. 5 The association between exposure to chemotherapeutic agents targeting topoII and development of leukemias with balanced chromosomal rearrangements has naturally implicated the enzyme in this process, but the mechanisms involved have remained subject to debate. Interestingly, the nature of the drug exposure has a bearing on the molecular phenotype of the resultant secondary leukemia, with translocations involving 11q23 being particularly associated with etoposide exposure, 6, 7 and development of therapy-related acute promyelocytic leukemia (t-APL) with the t(15;17) being linked to mitoxantrone and epirubicin treatment. [8] [9] [10] [11] Previously, we identified that t-APL cases arising in patients with breast cancer receiving mitoxantrone display tight clustering of chromosome 15 breakpoints within an 8 base pair (bp) "hotspot" region in PML intron 6. 12 Furthermore, these breakpoints were shown by functional assay to be a preferred site of mitoxantrone-induced DNA topoII cleavage. 12 Subsequent analysis of an independent cohort of t-APL cases arising after mitoxantrone therapy for multiple sclerosis confirmed chromosome 15 breakpoint clustering in the hotspot and identified recurrent breakpoints within RARA intron 2. 13 Once again, these breakpoints were preferential sites of mitoxantrone-induced cleavage in vitro. 13 No studies to date have investigated epirubicin-induced leukemias. This agent is widely used in adjuvant breast cancer therapy, with cumulative doses of 720 mg/m 2 or less associated with a secondary leukemia risk of 0.37% at 8 years. 14 Several balanced rearrangements have been reported in this context, including translocations involving the MLL locus, core binding factor leukemias, and t-APL with the t(15;17). 14, 15 To gain further 
Methods t(15;17) Genomic breakpoint characterization
Samples from 6 patients with t-APL (Table 1) were received by the APL Reference Laboratory, Guy's Hospital. The study including patient information sheets and consent forms was approved by St Thomas' Hospital London Research Ethics Committee (ref 06/Q0702/140), and performed with informed consent in accordance with the Declaration of Helsinki. Reverse transcriptase-polymerase chain reaction (PCR) was used to establish PML breakpoint region. 16 Genomic breakpoint junction regions were then amplified with appropriate primer sets by nested long-range PCR, followed by sequence analysis, as described. 17 PML-RARA breakpoint junctions were confirmed by PCR amplification and sequence analysis with the use of fresh aliquots of genomic DNA. Patient-specific primers were designed to PCR amplify and sequence the reciprocal RARA-PML genomic breakpoint junction regions. The distribution of genomic breakpoints was analyzed by scan statistics, as previously described. 12, 17 In vitro topoII DNA cleavage assays Normal homologues of PML and RARA encompassing the location of the relevant breakpoint were cloned into the pBluescript SKII (ϩ) vector. Cleavage assays were performed as reported previously 12, 13 and included epirubicin, dissolved in 20 L of DMSO used at a concentration of 160M.
Results and discussion

Clinical features
Demographic features and details of the treatment received by the 6 patients with t-APL for their original breast cancer are shown in Table 1 . Median latency from time of first epirubicin exposure to t-APL diagnosis was 26 months (range, 18-48 months).
Identification of t(15;17) genomic translocation breakpoints
Chromosome 15 breakpoints were localized to PML intron 6 (UPN1, UPN4, UPN6), intron 3 (UPN2, UPN3), and exon 7 (UPN5), with breakpoints in 2 of the cases (UPN1, UPN4) found to fall within 1 to 2 bp of one another (Table 1) . Given the size of PML intron 6 (ϳ 1 kb), the close apposition of these breakpoints was unlikely to have occurred by chance (P ϭ .014 using scan statistics for the 1056-bp intron 6 only with 3 patients; P ϭ .009 for the 3921-bp exon 5-7b region and 4 patients). The chromosome 17 breakpoints of the 6 cases were distributed within RARA intron 2, with breakpoints in 2 patients (UPN2, UPN5) falling within 4 nucleotides of one another between positions 16192 and 16196. Considering the length of this intron (ϳ 17 kb), the proximity of the breakpoints in these 2 patients was also unlikely to have occurred by chance (P ϭ .017 for the 16913-bp intron).
The breakpoint locations within the PML locus of the epirubicin-related t-APL cases occurred outside the hotspot region in intron 6 (1482-9) previously mapped in cases occurring after mitoxantrone treatment for breast cancer 12 or multiple sclerosis 13 ( Figure 1A ).
t(15;17) Translocation breakpoints are preferential sites for epirubicin-induced DNA cleavage by topoII
To investigate mechanisms by which the t(15;17) may have been formed after epirubicin exposure, we evaluated topoII␣-mediated cleavage of the normal homologues of PML and RARA encompassing the respective breakpoints detected in 4 cases in the presence or absence of this agent, including those in which the PML (UPN1, UPN4) or RARA breakpoints (UPN2, UPN5) were closely apposed. Some DNA cleavage bands were observed in the absence of drug, but the addition of epirubicin increased DNA cleavage in a topoII-dependent manner ( Figure 1B) . Cleavage bands that were significantly enhanced by epirubicin corresponding to the location of the observed genomic breakpoints in the PML and RARA loci were detected in each of the cases analyzed ( Figure 1B ; supplemental Figure 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). These bands remained detectable after heating at 75°C, indicating stability of the cleavage complexes. The shared breakpoints in PML and RARA related to functional sites of epirubicin-induced cleavage by topoII at positions 1184 ( Figure 1B ) and 16192 (supplemental Figure 1A) , respectively.
On the basis of sequence analysis of PML-RARA and reciprocal RARA-PML genomic junction regions, the location of functional topoII cleavage sites in the vicinity of the breakpoints, and known mechanisms by which topoII induces double-strand breaks in DNA, 5, 18 it was possible to generate models as to how the t(15;17) chromosomal translocation could have been formed in the studied cases ( Figure 1C ; supplemental Figure 1B) . Type II topoisomerases introduce staggered nicks in DNA, creating 5Ј-overhangs. In the models, repair of the overhangs in PML and RARA entails Table 1 . Details of the mitoxantrone cases have been reported previously. 12, 13 (B) PML and RARA breakpoints in epirubicinrelated t-APL are preferred sites of epirubicin-induced topoII-mediated DNA cleavage. To identify epirubicin-enhanced cleavage by topoII␣, chromosomal breakpoint junctions were examined in an in vitro assay. DNA cleavage reactions were performed with 25 ng of 5Ј-labeled DNA (30 000 cpm), 1mM ATP, DMSO, and in the presence or absence of 147nM human DNA topoII␣ and 160M epirubicin. Cleavage complexes were trapped on the addition of SDS and were resolved in an 8% acrylamide-7.0M urea gel. In both panels, reactions in lane 1 were performed with epirubicin (Epi) but lacking DNA topoII␣ and show little evidence of cleavage in the absence of the enzyme. Lanes 2 to 5 show dideoxy sequencing reactions primed at the same 5Ј end, which allows high-resolution mapping of cleavage sites. Substrates were incubated with topoII␣ and DMSO only (lanes 6 and 8) and also in the presence of epirubicin (lanes 7 and 9). Reactions in lanes 8 and 9 were further incubated at 75°C to assess the heat stability of the cleavage complexes. On the left, DNA topoII␣-dependent cleavage is shown within a PML substrate that encompassed the locations of the genomic breakpoints identified in UPN1 and UPN4. The location of the arrows indicate the epirubicin-enhanced heat-stable complexes at position 1184, corresponding precisely to these translocation breakpoints. On the right, cleavage within a substrate that contains the normal homologue of RARA encompassing the breakpoint junction identified in UPN4 is shown, whereby the arrows indicate the epirubicin-enhanced heat-stable complexes corresponding to the der(15) and der(17) translocation breakpoints. (C) Model for formation of the t(15;17) underlying epirubicininduced t-APL in UPN4. Normal homologues of PML and RARA are indicated in red and blue fonts, respectively. Models show where topoII␣ introduces 4-bp staggered nicks in the DNA (as indicated by in vitro experiments), followed by exonucleolytic processing to reveal microhomologies (indicated by gray boxes) that are probably repaired by the error-prone nonhomologous end joining repair pathway. Templatedirected polymerization (indicated with black font), mismatch repair (represented by green font), and ligation fills in any remaining gaps to generate the PML-RARA and RARA-PML genomic breakpoint junctions that were identified in the t-APL arising in this patient. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From exonucleolytic digestion, pairing of complementary bases, and joining of DNA free ends by the nonhomologous end-joining pathway, with template-directed polymerization to fill in any gaps.
Although there is strong circumstantial evidence linking exposure to agents targeting topoII to the development of leukemias with balanced chromosomal translocations, the precise mechanisms remain uncertain. One hypothesis takes into account reports that leukemia-associated translocations can be detected in hematopoietic cells derived from healthy persons without overt leukemia, 19, 20 suggesting that administration of chemotherapy provides a selective advantage to progenitors with preexisting translocations during regrowth of depopulated bone marrow. In this case, exposure to DNA-damaging agents is postulated to induce additional mutations that cooperate with the chimeric fusion protein to mediate leukemic transformation. A second hypothesis proposes that chromosomal translocations arise through an indirect mechanism involving induction of apoptotic nucleases. [21] [22] [23] [24] However, our studies involving the characterization of t-APL cases after mitoxantrone 12, 13 or epirubicin provide very strong support for a third hypothesis whereby topoII induces double-strand DNA breaks in susceptible regions of the genome which are aberrantly repaired to generate leukemia-associated chromosomal translocations. 25 
